Abstract-The use of nonlinear optical processes expands the flexibility of excimer systems in the study of a wide range of atomic and molecular phenomena and materials. These mechanisms have already allowed for the selective excitation of states in the 10 to 20 eV range involving bound state excitation, ionization, and molecular dissociation. Specific examples involving the electronic excitation of Hz, Kr, and Xe, the production of Xe+ for the analysis of the molecular properties of X@*, and nonlinear photodissociation of N2O and OCS are discussed.
I. INTRODUCTION recent development of simple, compact, discharge excited rare-gas halide (RGH) lasers has provided experimentalists with a new and versatile tool for spectroscopic and photochemical investigations in the ultraviolet region of the spectrum. Most significant are the ArF* (193 nm), KrF* (248 nm), and XeF* (351 nm) systems. Indeed, units capable of generating -100 mJ/pulse and focused intensities of -IO9 W/cm2 at up to 10 pps at all three of these wavelengths are now commercially available.
For studies in the ultraviolet region, the RGH laser is becoming the laboratory analog of the C 0 2 infrared laser. Multiple photon absorption, photodissociation, and parametric processes, extensively studied in the infrared region via interaction of C 0 2 laser radiation with molecular vibrational modes, can now be explored in the ultraviolet region via the interaction of RGH laser radiation with atomic and molecular electronic transitions. Since the high power and efficiency of RGH lasers make it possible to create large excited state densities using nonlinear processes, these systems offer great promise as excitation sources for new V W and perhaps XUV lasers. Furthermore, a new range of collisional phenomena involving highly excited species may now be studied.
Specific cases of these phenomena are numerous. For example, two-photon absorption of ArF* laser radiation in molecular hydrogen [I] has been observed and used to study sibility of performing high resolution spectroscopy in the vacuum-ultraviolet using the same techniques which have been used so successfully in the visible with pulsed dye lasers [16] . Two-photon spectroscopy using the ArF* laser has the additional advantage of allowing one to access states at an energy of 12.8 eV, a region which is very difficult to probe at all using conventional linear spectroscopy due to the lack of a good window material below 100 nm.
In this paper, we review the results of our recent investigations into the applications of RGH lasers to multiquantum excitation of atoms and molecules. In Section I1 we present a theoretical discussion of two-photon excitation, including the important issues of laser linewidth and competing loss mechanisms. In Section 111, recent results on two-photon excitation of molecular hydrogen using the ArF" laser are given, along with a review of previous results. A number of experiments utilizing two-photon excitation of rare-gas atoms to study rare-gas halide, rare-gas oxide, and rare-gas dimer laser media are described in Section IV while Section V reviews the results of photolysis experiments on OCS and OCSe to yield excited group VI atoms.
THEORETICAL ESTIMATES OF TWO-PHOTON ABSORPTION CROSS SECTIONS
Although the theory of two-photon coupling of radiation to atomic and molecular systems has been the subject of intense research over the past few years, second-order perturbation theory still remains one of the most useful methods for estimating two-photon absorption cross sections. A review of this derivation, including Doppler-free aspects and references to previous work, is given in [17] . As shown there, the twophoton absorption cross section for light at frequency v2 with intensity I, induced by light at frequency v1 with intensity Appearing in (1) are the lineshape factorg(vl , v2), which contains the linewidth of the transition, and the two-quantum matrix element Mfg, which is written in the form In this expression and e2 denote the polarizations of the optical waves, pop represents the electric dipole operator, and g , k , and f denote the ground, intermediate, and final states, respectively. For two-photon absorption from rare-gas halide lasers at a single frequency, w1 + 0 2 , both terms in ( 2 ) become equal so that
The matrix element contains the product of two transition moments over the appropriate energy denominator Ekg hvl .
If we assume line center pumping for a Doppler-broadened transition, g(vl , v l ) from (1) becomes 0 . 9 3 9 / A v~, in which AvD is the two-photon Doppler width (FWHM). If the laser linewidth ( A ) is larger than nu,, it has been shown [ 181 that the AvD must be replaced by ( 2 A 2 t A V~)~" , if one assumes that the laser spectral intensity can be approximated by a Gaussian distribution.
We can estimate several interesting cases from ( 3 ) which demonstrate the generality of two-photon processes in atoms and molecules. Table I contains estimates for the coupling of ultraviolet radiation at 193 nm (ArF*) and 248 nm (KrF") to several simple molecular systems assuming a laser linewidth of 100 cm-'.
At lo9 W/cm2, all cases in Table I give twophoton transition rates that should be observable under a wide variety of experimental conditions. As will be seen in the following sections, several of these estimates have been confirmed by actual measurement.
There are, however, competing mechanisms which limit the excited state densities obtainable using two-photon excitation. Photoionization is usually the largest loss mechanism since, with few exceptions, the absorption of three RGH laser photons is sufficient to ionize most atoms and molecules. In fact, photoionization has been used by several groups as a sensitive technique to detect two-photon resonances in atoms [ 191 and molecules [20] .
One can estimate the excited-state density (N") obtainable through two-photon pumping from the simple rate equation analysis described below. By inspection, we write 
Note that N* increases quadratically with I until upiI=Ao/reff when the increase becomes linear.
The number of ions produced (Ni) can be estimated, assuming no losses on the time of the laser pulse, from Substituting in for N*((t) from (5) and integrating, we find that which for TpB >> 1 reduces to the expression In order to efficiently channel the energy flow into the desired atomic or molecular energy levels, we require that
which is the expected requirement that the photoionization transition is not saturated. The limit on the intensity l i s then which can be substituted into (5) to obtain a&oN0 N* = Therefore, to obtain the highest N*, a must be as large as possible while upi must be as small as possible. This can be accomplished to a considerable extent by narrowing the laser linewidth and, indeed, linewidths as small as 0.1 cm-' have been observed for a KrF* oscillator/amplifier system [14] . Using this linewidth, the values for a in Table I We now turn to some specific cases of two-photon excitation of atomic and molecular systems.
MULTIPHOTON EXCITATION OF Hz
The great promise of rare-gas halide lasers in spectroscopic applications is probably best illustrated by the two-photon excitation of the H2 (E, F E;) state by the ArF * laser [ 13 . Although molecular hydrogen is among the simplest of quantum mechanical systems, occupies a central position in quantum chemistry, and has been extensively studied from a theoretical standpoint, very little experimental data on the collisional properties of the electronically excited states are in existence. Study of these excited states has been limited by the absence of an effective means for selective excitation of the molecular states.
Optical pumping techniques [21] , with the exception of the B state, are made extremely difficult by the lack of a good window material below 100 nm. Naturally, gerade states cannot be excited by conventional absorption from the X ' 2; level, even without this limitation. Similar problems arise in the study of other small molecules, such as those listed in Table I in the previous section. However, two-quantum ultraviolet absorption is not subject to these limitations.
In our experiments we have used the reaction H,(X'E~)+2~(193nm)---+Hz(E,F'2~) ( The apparatus used for the bulk of the work reported in this article has been described previously [l] , [8] , [9] . In our earlier experiments [l] a Tachisto-type laser [22] , emitting -1 5 mJ pulses at 193 nm, was used. In more recent studies a Lambda Physik model, capable of -100 mJ per pulse, was substituted so that higher excitation densities could be achieved. In both lasers the pulse duration was about 15 ns with a full spectral bandwidth of approximately 0.5 nm.
With this apparatus, samples of Hz , D2 , and HD were irradiated at pressures ranging from 10 mtorr to 1500 torr in order to excite the E, F state. Following the laser pulse, strong near-infrared emissions were observed in Hz, weaker IR emissions in HD, and none in D,. At low laser intensity (I <, 3 X 10' W/cm2), the intensity of the fluorescent signals was determined to vary as the square of the incident laser intensity, a fact clearly establishing the characteristic signature of the two-photon absorption.
The near infrared emission observed in this manner is attributed to radiative decay from the initially excited u = 2 level of the E , F ' Z i state (inner minimum) at -1 2.8 eV to the lower B 'Z'g' vibrational levels [23] , [24] . We note that all the other states in the vicinity of -12.8 eV are forbidden for twoquantum excitation from the ground X ' E: state either by parity, spin, or both. Furthermore, the FranckCondon factors for absorption to the outer minimum are very unfavorable. This point is clearly evident from Fig. 1 , which illustrates the molecular levels in the relevant energy range.
From the ArF* laser output spectrum published by Burnham and Djeu [22] for a similarly constructed laser, we know that transitions in the energy range -103 300 to -103 560 cm-' may be excited by two-photon absorption of ArF* laser radiation. For the X Z : +E, F ' E; transition in hydrogen, with the B ' 2: dominant intermediate state, and using linearly polarized light, Q branch rotational transitions are generally strongest, though 0 and S branch transitions are also allowed [25] . Table I1 lists the energy ranges for the 0, Q, and S branch transitions from the lowest three rotational levels of the ground vibrational state of H, to the E , F(v = 2) level. This comparison elucidates the relative intensities of the infrared E , F -+ B emissiqns of the three isotopic forms. The approximate wavelengths of the IR fluorescence, which terminates predominantly [27] , [28] on the u = 0 and u = 1 levels of B ' are also shown in Table 11 . Note that any emissions emanating from u = 0 or u = 1 of E , F ' Z; , which might arise due to vibrational relaxation, would be outside the spectral sensitivity of our photomultiplier and were not detected.
It should be noted that tuning the ArF* laser [15] -80 cm-', into closer resonance with the HD absorption, should enable an excitation rate of that molecule as large as that of H,. Furthermore, the same techniques [15] can be used to narrow the laser linewidth from 0.5 to -0.05 nm, a condition which would allow the selective excitation of a single rotational level of the Hz or HD (E, F ) states. For our earlier measurements on Hz and all measurements on HD and Dz, the infrared emission wavelengths were discriminated by 10-nm-bandpass interference filters, which could not resolve the rotational structure of the vibrational bands in E, F +B emission. More recently, we have used a polychromator equipped with an optical multichannel analyzer (OMA) to resolve this rotational structure in Hz. This apparatus is shown schematically in Fig. 2 .
The OMA generates a plot of time-integrated intensity versus wavelength for the input fluorescent signal following each laser pulse. The Table I1 lists the rotational lines observed in Fig. 3 , as well as their relative intensities [normalized to that of P(2)] . The table also lists the theoretically predicted intensities for these levels, assuming that they are in thermal equilibrium at the gas temperature of 300 K. These theoretical values are found by means of the formula for the equilibrium line intensities [25] 
I[AJ(J">] = CV4S~,-E(J')'kT(2T+ 1). ( 1 2 )
Here I is the intensity of the emission line A J ( J " ) at frequency Y , C is a constant for the entire vibrational band, and SJ is the line strength [25] J " t 1 for A J = t 1
E(J') is the energy of the upper rotational level, k T = 208
cm-' at room temperature, and
is the total nuclear spin. It may be seen in Table I11 that while lines originating from the same upper J-level have the correct intensity ratios, the observed ratios I(J' even)/I(J' = 1) are much smaller than the theoretical values. I(J' = 2)/I(J' = 0) is also smaller than predicted for rotational levels in thermal equilibrium. We conclude that the spectrum of Fig. 3 represents emission from levels which are not rotationally thermalized even at the high ( 2 atm) H, pressure at which the signals were observed. Fig. 3 . Apparatus used for observing spectrally resolved fluorescence from RGH laser excited media.
From our data, we can place an upper limit on the rotational excitation cross section for E ,
This value is similar to those found for H, ground state rotational excitation by Jonkman et aE. [ 2 9 ] . They quote a value of uR = 1 X cm2 for p-Hz at 170 K and uR = 2.6 X cm2 for 0-H, at 77 K. In contrast, we find that the total quenching rate for the E, F(u = 2 ) state in H, is much higher. From the quenching rates determined in [ 11 we infer a total quenching cross section of 8.0 f 1.6 X cm2 for collisions with H, and 3.0 k 1.5 X cm2 for collisions with He. As mentioned earlier, we could not observe emission from lower vibrational levels of the E, F state so that we can not directly separate electronic quenching from vibrational relaxation. However, Fink et aE. [30] have measured vibrational relaxation rates for the B state in HD, and they are approximately two orders of magnitude smaller than our E, F state quenching rates. They also measured electronic relaxation rates for the B state, and these are of the same order of magnitude as our rates.
On this basis, the dominant inelastic collisional process is expected to be population of the C IIu state in the reaction which then radiates rapidly to X Z l emitting Werner band radiation. Coupling to the C-state is expected to be strong because, as noted from Fig. l , the E, F l and C l I I , states are very nearly degenerate in the region of the inner minimum. In fact, the J = 1 level of the E , F(u = 2) state, from which most of the infrared emission arises, is separated in energy by only 22 cm-' from the C(u = 2 , J = 1) level to which it can couple [ 2 3 ] .
These data allow us to appraise the excited state density generated in our experiment, and therefore, provide a means for evaluation of the two-photon absorption parameter for reaction (1 1). We may write in the steady-state approximation an expression for the excited density n* using (5) as At Hz densities -2 X 10l8 ~m -~, with a laser energy -10 mJ, we observed photon flux, CP. = 4.5 X 10" s-'. If we assume that the length of the focal region is -6 mm, giving a focal volume V 2: 1.8 X cm3, we conclude that n* @r/V 2: 2.5 X 10" cm3, upon substitution of the value for 7 = 100 ns, the radiative lifetime of the E , F ' Z i state determined in [l] .
These results, in conjunction with (16) yield a value of a cm4/W, in excellent agreement with the theoretical value of a = 9 X cm4/W given in Table I . In view of the approximations we have made, this close agreement is remarkable.
Assuming that reaction (1 5 ) is the dominant collisional relaxation channel, large C state populations are to be expected in, specifically, the u = 2 vibrational level. The FranckCondon factors for the Werner band [28] indicate that emission subsequently occurs most strongly on the 2-5 and 2-6 transitions at -1 18 and -1 22 nm, respectively. Since these levels of the ground state are completely empty at room temperature, it is of immediate interest to explore the possibility of achieving laser action at these wavelengths.
Laser action on these and other Werner band transitions has previously been observed [31] under relativistic electron beam excitation. Since the stimulated emission cross sections are of the order of cm2,an excited state density n* -1014 * cm-j would be sufficient to produce stimulated emission in the amplified spontaneous emission (ASE) mode over a length of -3 cm. We now examine the feasibility of scaling the excited state density to the threshold for ASE.
As described above, we have measured a two-photon coupling parameter a! of loe3' cm4/W for excitation of the u = 2 level of the E , F ' Z i state. This parameter is inversely proportional to laser linewidth which in this case is about 2 X lo7 MHz. Note that the minimum possible linewidth obtainable, given a 10 ns pulse duration is the transform limit of a few hundred megahertz. Thus, raising the excitation rate can be achieved by narrowing the laser linewidth, raising the laser intensity, or both. Narrowing the laser linewidth will be effective until the intrinsic molecular linewidth is reached.
At pressures of interest, where the E, F , and C states are strongly mixed by collision, the two-photon transition will be pressure broadened to a few GHz. Linewidths of this order have been achieved for the KrF* laser [14] using an etalon tuned oscillator to injection lock a large amplifier. Pulse energies of -100 mJ in a near diffraction limited beam were achieved. The same techniques will be applicable for the ArF* laser.
As has been discussed, an important loss mechanism for this system will be photoionization of the excited molecules due to the strong pump laser intensity. Cohn [32] has calculated photoionization cross sections for excited Hz molecules iti the state of interest and finds a value of api = 2 X cm2 for photoionization of the E, F ' Z i state at 6.4 eV. Using the analysis of Section 11, this implies a saturation of fluorescence signal at laser intensities of the order of a few times IO8 W/cm2 which is close indeed to that observed experimentally. The photoionization process however, is independent of the laser linewidth. It is, therefore, clear that scaling should be achieved to the fullest extent possible by narrowing the linewidth.
We conclude, therefore, that a pump laser of -10' W/cm2 intensity maintained over a 3-10 cm length is required with in these states may be ionized [32] with a photon of -2.4 eV energy, photoionization processes may also be readily studied in this manner. The ability to selectively excite specific rovibrational levels of these high lying states opens up for study a whole range of experiments in both pure and applied physics. These states have been extensively studied theoretically, but due to the difficulty of exciting them, experimental data have been limited. It will now be possible to provide data which would represent a rigid test against which detailed theoretical calculations may be compared. Using the techniques of high-resolution laser spectroscopy, even diabatic effects [35] , [36] may be examined. These effects are particularly important in HD, since the u-g symmetry is broken [26] , [36] , [37] .
It is well known that certain of these states, most notably the D 'nu, are strongly predissociated by the B ' ' 2: state to yield an excited H atom and a ground state H atom with up to unity quantum efficiency [38] . By exploiting such processes in HD, it may be possible to generate substantial inversions on the L, transition of deuterium since the B' ' 2 ; states is believed to correlate [37] to H(n = l) + D(n = 2). Because of the 22 cm-' isotope shift between the hydrogen and deuterium L, transitions, the ground state hydrogen atom produced in this dissociation does not absorb at the deuterium L, wave-length (the Doppler width for hydrogen L, at 300 K corresponds to -1 cm-'). Photodissociation of Hz near threshold to produce H(n = 2) has recently been observed by Mental1
and Guyon [39] arising from predissociation to the B' l E c state from the B" ' 2; and D 'nu levels, which were excited from the ground X ' zi state with synchrotron radiation at -84 nm. If we used the measured widths [39] of the predissociated X +D transition, we can obtain an estimate of the cross section u for the E , F -+D transitions at -635 nm in the range cm2 G u < cm2 . For this value of coupling, the optical intensity I, at 635 nm required to saturate these transitions in the lifetime of the n = 2 state hydrogen (-1.6 X s) is in the range 0.2 MW/cm2 G I , < MW/cm2. Intensity levels of this magnitude are readily achieved by conventional pulsed dye lasers in the required linewidth. The ability to saturate the dissociative channels discussed above enables the transfer of the full E , F ' 2 ; state population to the excited atomic level. Under these circumstances, the atomic population is then limited to that achievable for the E, F Z l i level by the two-photon excitation mechanism.
As discussed above the recently developed ultraviolet laser technology providing -100 mJ in an 0.1 cm-' linewidth can produce an excited state density of cm-3 at a hydrogcn pressure of -1 0 torr. At this density, the chemi-ionization reaction (cross section -9 X 1O-l' cm2, presumably similar also for the HD analog)
H2(X) t H(n = 2) ---+ H i t e-
( 1 7) measured by Mental1 and Guyon [39] for Hz will not be an important loss of n = 2 hydrogen because of the high L, radiative rate. Therefore, with an excited state density of this magnitude, combined with the ability to saturate the predissociating transition as noted above, it should be possible to generate population of the n = 2 level on the order of n* -
T~~-, / T , ~m -~. In this estimate, 7 2 p -t r is the 2p lifetime and
rp is the laser pulsewidth for 72p-ls -1.6 X s and T~ -lo-* s, we obtain n* -1013 ~m -~, a value that is approximately two orders of magnitude greater than that observed for the E , F(' 22;) level in our earlier experiments. A density of excited deuterium atoms of this magnitude is approaching the value necessary to observe stimulated emission on this most fundamental transition in a 1 cm long sample of material. Table I , two-photon excitation of Xe and Xe+ at 248 and 193 nm is predicted to have measurable cross sections. Fig. 4 shows the relevant Xe energy levels involved in the two-photon absorption process.
Iv. EXCITATION OF Kr AND ?&-SELECTIVE STUDIES OF LASER MEDIA As indicated in
At 248 nm, the effective two-photon laser linewidth extends At 193 nm, the two-photon linewidth covers the region from 103 300-103 560 cm-' (see Section 111). Fig. 4 shows that this region lies between the xenon 'PS) and the 2P_P ionization limits leading to the production of X 2 by two-phiton ionization. Because autoionizing states are observed in the linear ionization spectrum [40] in both the ns and nd channels, it is likely that similar np and nf channels will influence the twophoton amplitude. These resonances could enhance the value of 01 given in Table I by a factor of -1 0 '. We have observed Xe' production by observing emission on the strong 828 nm line in xenon arising from recombination. We have also observed vacuum VUV radiation from the Xe: dimer at 172 nm under high pressure conditions using the apparatus shown in Fig. 3 . The characteristically broad dimer spectrum obtained is shown in Fig. 5 . Fig. 6 shows the two-photon absorption at 193 nm (ArF*) populating the Kr(4p56p(1+),) level at 103 363 cm-'. Several of the stronger cascade transitions that we observed following excitation are also indicated in Fig. 6 . The fluorescence spectrum we observe following two-photon excitation of low pressure Kr is given in Fig. 7 where we have labeled some of the more prominent transitions. Our identification must be considered tentative, however, because the resolution of the bandpass filters is only 10 nm. At a density of 2 X 10'' ~m -~, Kr and laser energy 10 mJ in a 15 ns pulse (focused to a 1 X 0.3 mm spot by a 125 mm f.1. lens) we observed a signal through the 760 nm filter (Sp($), -+5s($), and other lines) corresponding to emission of -1 X 10" quanta/s from the sample. This result indicates an excited state density > 1.5 X 1013 cm-3 using our focal volume of 1.8 X cm-3 and a typical [41] radiative rate of 4 X lo7 s-' for the Kr (Sp(i),) state. We should stress that these are only estimates and actual excited state densities require the knowledge of the photoionization cross section as outlined in Section 11.
By measuring the variation of Kr fluoresence intensity with pressure, we have estimated the collisional quenching rates of Kr* by Kr, Xe, and Ar atoms as 1 X 4 X lo- '' , and 1 X lo- '' cm3 Is, respectively. The Kr rate is in reasonable agreement with Setser's value [41] of 2 X lo-'' cm3/s. The large value for Xe is also reasonable in view of the many curve crossings in excited KrXe and the large (2.3 X cm2) Kr + Xe electronic energy transfer cross section [42] .
The vacuum ultraviolet fluorescence from two-photon excited high pressure Kr is shown in Fig. 7(b) . Here we see the expected dimer emission, with the absorption at 147 nm by the Xe impurity resonance line clearly visible. Ultraviolet two-photon excitation of these rare-gas atoms can be utilized in basic kinetic studies involving species selective excitation. We now review an application of this technique to study the kinetics of XeF* laser media. In this experiment, we have selectively populated Xe* and Xe' to explore the ionic and neutral channels of XeF* formation.
For mixtures of Ar/Xe/NF3, we expect the following reactions for the ion channel to be dominant under the appropriate experimental conditions: X e + + F -t M % X e F * t M
X e + t A r t A r k " X e A r + t A r
XeAr+ t F-4 . XeF* t Ar. 
The characteristic cross sections and rates are ai1 2: * cm4/W (see Table I Typical experimental conditions with an Xe density "3 X 1017 cm-3 and an optical intensity of lo9 W/cm2 result in an estimated ion density of -3 X 10" ~m -~. The electrons will be converted into F-in a time somewhat longer than the laser pulse (20 ns) for an NF3 density of 3 X 10l6 ~m -~. We, therefore, expect XeF* to be produced via the ion-ion recombination channels described by reactions (20) and (22) . With excitation provided in this manner, we have observed fluorescence from XeF* in both the B: + X band near 351 nm and in the broader C{ -+A: band near 460 nm. Details of these experimental results can be found in [9] .
To summarize these results, we have measured the visible/ W band intensity ratio as a function of Ar pressure. The high pressure ratio asymptotically approaches 3 to 1. From these results, we conclude that the Cg state lies 700 * 70 cm-' below the B$ state, contrary to initial expectations. The prescence of this lower, longer lived state in XeF should affect the gain and overall extraction efficiency of a laser operating on the B$-X$ transition.
We have also observed decay signals characteristic of the ionion recombination processes of the type described by reactions (20) and (22) . However, no attempt has been made to evaluate rate coefficients from these data because the initial Xe' excited state density is unknown. However, an accurate measurement of the two-photon ionization cross section could make this an important alternate technique for the study of excited state reactions.
We have also examined these XeF* bands in the neutral channel where Xe* is produced directly from two-photon absorption; for this we used the KrF* laser at 2480 8. The main XeF* production mechanism is then Xe* + NF3 -!% XeF* t NF, (23) where this rate ( i t l 2 ) has been measured in [45] to be 9 X lo-'' cm3/s. Unfortunately, the kinetic data obtained from this experiment are clouded by photoionization due to the incident laser radiation (as discussed in Section 11). More detailed study of the two-photon absorption processes in Xe is necessary before this technique can accurately measure the kinetic processes involved in XeF* production.
Another class of rare-gas exciplexes which is of interest in the high-power laser field is the rare-gas oxides [46] . As in XeF*, the kinetics of the XeO and KrO systems may be conveniently studied by energy transfer from selectively excited Xe and Kr states [lo] .
In our experiments, mixtures of Xe/N,O, Kr/N,O, and Kr/ 0, were studied under KrF/ArF laser excitation. The apparatus and techniques used were similar to those in the experiments we have described above; in our rare-gas oxide studies, however, we also used a PAR 1 120 amplifier-discriminator and Systron-Donner 6151 counter for photon counting of weak signals. We observed the production of excited O(l S ) by monitoring the well-known collision-induced emission 'D) auroral emission line at 557.7 nm [46] , Fig. 8 and 9 show typical XeO* and KrO* emission spectra from our experiments. The resolution of these spectra was limited by the 10 nm bandpass of our interference filters; but within this limitation, our results agree with other observations of these emissions [46] . The large spectral range of the XeO* fluorescence is evidence of the importance in the emission of bound excited states of XeO arising from Xe('S) t O(lS) and Xe('S) -t O( 'D) . KrO is largely repulsive, and its spectrum is consequently much narrower.
In order to establish directly the multiphoton character of the absorption as a step in the formation of the radiating species, the dependence of fluorescence intensity on laser power was measured. This measurement was, in fact, performed in all our multiphoton absorption experiments. In this determination, attenuators of 70, 50, and 35 percent transmittance were used to vary the ultraviolet input to the Xe/N,O sample. The fluorescence intensity in the spectral region of interest was found to vary as the square of laser intensity, the signature characteristic of a two-photon process.
In order to understand the appearance of O ( ' S ) emission from KrF* irradiated Xe/H,O mixtures, we first consider the possibility that NzO directly absorbs two photons into the 2 'Z+ state, which dissociates directly into O*('S) and Nz . ( X 'E) . In order to appraise this mechanism we irradiated mixtures of Kr/N,O, but no oxygen auroral emission was observed. As discussed earlier, negligible absorption of KrF* radiation is expected in krypton. Thus, based on the parameters of our apparatus [lo] and measured quenching rates [48] - [Sl] for O(lS), we can establish an upper limit on the two-quantum absorption coefficient in N,O as a! < 3 X . cm4/W, in agreement with our theoretical prediction we conclude that direct N,O absorption is unimportant as a production channel for O ('S) . O('S) is produced primarily, then, in collisions of excited xenon with Nz 0 molecules.
For comparison with the Xe/N,O results, we used the ArF* laser to excite Kr(4p56p) and attempted to observe the reaction
by monitoring the KrO* emission band near the O('S -+ '0) 557.7 nm transition. However, we found that O('S) production in reaction (24) , in contrast to the analogous reaction with Xe*, was nearly too small to observe. On the other hand, when Kr/O, mixtures were irradiated by the ArF* laser, much larger KrO* fluorescence signals were observed. The enhancement of KrO* fluorescence upon substitution of 0, for NzO is very probably due to the creation of large densities of O(3P) in photodissociation of 0, at 193 nm. Based on measured quenching rates of O ('S) by O(3P) [50] , 0 2 [51] , and Kr [48] , the 9 ps fluorescence decay time which we measured for our 640 torr Kr/l torr 0, mixture indicates -25 percent photolysis of the 0, in the laser focus. Under these conditions, 1.2 X lo6 photons were emitted in the 540-560 nm KrO* band, which is found to correspond to -2 X lo1' O ('S) atoms when the small radiative/nonradiative branching rate is taken into acount. Returning now to Xe/N2 0, further evidence as to the nature of the energy transfer pathway from two-photon excited Xe(5p56p) to XeO* is provided by the short decay time of O('S) fluorescence we observed (-10 ps even at low Xe and N 2 0 densities), relative to that expected from measured quenching rates [48] , [49] .
This rapid decay indicates that
is not an important precursor of*XeO* in this experiment. Rather, since the initially excited Xe(5p5 6p), the metastable Xe(3P2,0), and the excimer Xe? (to which Xe* rapidly evolves at high pressure) [52] all have sufficient energy to produce O ('S) in dissociative collisions with N 2 0 , it appears that XeO* is formed directly in the reactions Xe* t N 2 0 --+ XeO* t N2 (25) and Xe,*tNzO--+XeO*+Xe+N2.
Our measurements of XeO* emission as a function of total pressure of fmed Xe/N20 mixtures show the XeO" yield to increase as the 2.6 power of pressure above -100 torr [ 101 .
vored at high pressures: the three-body process necessary for its formation accounts for the faster than quadratic increase in the yield of XeO* with pressure. To summarize, these experiments demonstrate the collisional production of O('S) by Xe* and Kr*. They illustrate the utility of two-photon excitation using ultraviolet lasers in studies of excited state reactions. By allowing selective production of ions, as in our XeF experiments, or highly excited neutral species, as used here, multiphoton techniques greatly simplify interpretation of kinetics which could otherwise be examined only by nonselective, electron impact methods.
V. MULTIQUANTUM PHOTOLYSIS
In addition to the spectroscopic and energy-transfer studies discussed in Sections I11 and IV, multiquantum photochemistry also promises to be a very important application for raregas halide lasers. The results of several signal-quantum photochemical experiments using these lasers have already been
. However, multiquantum photolysis offers possibilities of studying many more highly excited molecules and photofragments.
Several of these multiphoton photochemical studies have been undertaken. Jackson and co-workers have observed a number of sequential two-photon absorptions of ArF" laser radiation, resulting in fluorescence from small free radicals such as CN, CH, and OH [6]. McDonald et al. have studied ArF* laser photolysis of acetylene and report production of various photofragments by one-, two-, and three-photon absorption [7] .
In our laboratory we have studied the production of S('S) atoms ,in two-photon dissociation of OCS by ArF" at 193 nm [8] . Single-photon absorption by OCS at this wavelength is known to be weak, and does not result in a yield [53] of S('S). The primary production channel for S('S) from OCS is thought to be the OCS (2 ' Z +) state at -8.1 eV [54] .
Since our excitation energy is 12.8 eV (ArF* energy doubled), it appears that a hitherto unobserved state is responsible for absorption detected in our experiment.
The experimental apparatus and procedure used in these experiments were similar to those described in previous sections of this. paper. Here, however, the ArF* laser passed into the cell unfocused, resulting in laser intensity -lo7 W/cm2 in the cell. In general the cell was filled with mixtures of 3 torr OCS/l atm Xe or Ar buffer. The S('S) density was monitored by observing the collision-induced molecular emission RgS(2 1Z+)-RgS(l 'E+) t y (27) near the S('S + 0) electric quadrupole line at 772.7 nm [55] . This emission is entirely analogous to the XeO and KrO collision-induced emission described earlier. In a fashion similar to the oxide systems, the Xes emission has a broad, blue wing due to Xe(lS) t S('0) binding in the 1 state, while the band of the repulsive ArS is much narrower.
The intensity and temporal decay of the S(' S ) emission following irradiation were measured as functions of laser intensity and OCS and buffer densities. Fig. 10 shows some typical results. The decay of a fluorescence signal is shown on a semiThis result implies that Xeg is an intermediary which is fa-log scale in Fig. lO(a) . The decay is clearly exponential over more than three factors of e. In Fig. 10(b) , the decay frequency is plotted as a function of pressure. The slope of this plot gives a collisional quenching rate for S('S) by OCS of (5.0 k 0.5) X cm3/s, in excellent agreement with other experimental determinations of this rate [56] .
The results of these and other measurements [8] indicate that S ( ' S ) is formed by direct two-photon absorption to a dissociative neutral state embedded in the OCS ionization continuum. (The first ionization potential is 11.2 eV [57] .) Our measurements rule out sequential absorption, two-photon ionization followed by dissociative recombination, and buffer gas absorption leading to collisional dissociation (as in XeO", described earlier) as important S(' S ) formation channels. This two-photon OCS absorption is illustrated in Fig. 11 , which shows OCS states of interest in the bound and OC-S dissociative limits. Symmetry considerations, as well as the high two-quantum cross section (a 2 2 X cm4/W) which was measured, indicate that our dissociative state at 12.8 eV is probably '2'; and theoretical studies [58] suggest that this state is the 3 ' X+ level, correlating with CO(a3rI) + S(3P), as shown in Fig. 3 . A curve crossing could channel 3 ' E+ molecules to the 2 ' E+ [ S ( ' S ) t CO(X ' E+)] dissociation limit.
As a further extension of these studies, we examined the effect of excitation of the OCS (v2) bending mode on S('S) yield [SI. In these experiments, infrared radiation from two C 0 2 TEA lasers, tuned to successive 2v2 transitions, was crossed with the ultraviolet laser light in the cell. Under these conditions we observed enhancement of S('S) yield by more than 100 percent due to OCS vibration. This enhancement is attributable to the decreased intermediate state detuning in the vibrationally excited molecule.
We have very recently performed a similar series of experiments using the ArF" laser to dissociate OCSe [59] . However, Se('S) may be photolytically produced with a single ArF" laser photon [60] . Upon vibrational excitation of OCSe with a CO, laser [61], the absorption cross section at 193 nm was observed to increase by approximately 25 percent, however, the Se('S) quantum yield was unchanged.
VI. DISCUSSION/CONCLUSIONS
The use of nonlinear optical processes greater expands the flexibility of excimer systems in the study of a wide range of atomic and molecular phenomena and materials. These mechanisms have already allowed for the selective excitation of states in the 10 to 20 eV range involving bound state excitation, ionization, and molecular dissociation. We can expect, with reasonable confidence, that these techniques will soon become applicable in the 30 to 50 eV region, an area overlapping that in which synchrotrons are normally used.
In many of the atomic and molecular processes under discussion, the laser linewidth is of central importance, since it governs the competition between the desired selective excitation and unwanted losses arising from photoionization. In this context, transform limited pulses with linewidths of cm-' would raise the coupling coefficients given in Table I by a factor of -lo4. This would result in excitation rates approaching the saturation level. 
